Introduction
X-ray based imaging devices, such as mini/micro computed tomography (CT) scanners, enable the non-destructive visualization of internal structures and have gained considerable importance in a number of applications, including material, geology and medical sciences. Micro-and mini-CT scanners play a pivotal role in biomedical and preclinical research (Bushberg and Boone, 2011) owing to their ability to achieve imaging with high spatial resolution, thus enabling to provide detailed anatomical information (Hu et al., 2011) . These devices were broadly used to study vessels, tumors, soft tissues such as lung parenchyma, bony structures, density in osteoporosis, osteoarthritis, microvasculature anatomy and in other fields, such as drug discovery (Badea et al., 2008; Bartling et al., 2007; De Clerck et al., 2004; Paulus et al., 2000) . Depending on the application and the target organ, the scanning protocol specifications differ in terms of tube voltage, current, exposure time and number of projections to achieve the desired image contrast (Bretin et al., 2013) .
Among the attractive underlying characteristics of mini/micro CT scanner is their capability of providing images with high spatial resolution compared to clinical CT scanners. Although the latter are able to image objects down to a few centimeters in diameter (rats or mice), the spatial resolution would not improve as the object size decreases. Clinical CT scanners are primarily designed for whole-body imaging providing a field-of-view (FOV) in the range of 40-50 cm. Appropriate imaging of anatomical structures hundred times smaller than those of humans requires a CT scanner with enhanced spatial resolution even though a large FOV (similar to clinical CT scanners) is not a necessity. Since the detector resolution is primarily a function of detector element size, the need for high resolution preclinical CT scanners dedicated for small-animal imaging requires detectors with smaller element size (Paulus et al., 2000) . However, smaller detector elements lead to increased radiation dose to acquire images with acceptable quality and signal-to-noise ratio (SNR). The lower image quality or SNR associated https://doi.org/10.1016/j.radphyschem.2018.10.019 Received 17 May 2018; Received in revised form 19 October 2018; Accepted 22 October 2018 with smaller detector element area is compensated by increasing the tube current and/or the exposure time per projection (compared to conventional CT scanners) (Ford et al., 2003) . Therefore, there is no single scanner design capable of optimizing all the fundamental imaging parameters, including spatial resolution, radiation dose, acquisition time, … etc. Instead, various scanner designs suitable for different requirements and applications were proposed as summarized in Table 1 . Clinical CT scanners provide large FOV but only moderate spatial resolution. Conversely, small-animal CT scanners are suitable for imaging small objects owing to the enhanced spatial resolution at the expense of a smaller FOV (typically a few centimeters).
The interest in in vivo small laboratory animal imaging raised as a result of the success of tracking molecular mechanisms associated with human diseases in living small-animal models. With the advent of small-animal imaging, cross-sectional study approaches (e.g., where cohorts of animals are killed at each time point and histology is examined) were replaced by in vivo study designs allowing repeated examination of the same animals. There is no unique definition for mini-CT and micro-CT and often all CT scanners providing significantly higher spatial resolution than conventional clinical scanners are called micro-CT. Considering the constraints associated with different designs of CT scanners, the term mini-CT is used to describe CT scanners with a resolution ranging from 100 µm to 500 µm whereas micro-CT refers to scanners having a resolution below 100 µm. Overall, they are divided into two configuration-wise categories: rotating sample-and rotating gantry-based designs. Scanners referred to as rotating samples feature a fixed x-ray source and detector facing each other and a rotating table placed between the source and the detector (Bartling et al., 2007) . The sample is placed on a table that rotates around the center of the FOV (Paulus et al., 2000; Zhu et al., 2009a Zhu et al., , 2009b . The second type is the rotating gantry in which the detector and x-ray source face each other in a circle with a fixed radius from the center of rotation. They are mounted on a gantry rotating around the sample table (Bartling et al., 2007) . Each of these settings has its own advantages and drawbacks. For the rotating gantry type, animal setup and positioning is easier and the gantry can rotate faster at the cost of complex mechanical design and control system (Badea et al., 2004; Vaquero et al., 2008; Zainon et al., 2010) .
Conversely, relatively simple mechanical design, control and lower manufacturing cost are the advantages of the sample rotating type (Casali et al., 2003; Lin and Miller, 1996) .
Regardless of the design configuration, most preclinical CT imagers provide fixed spatial resolution and FOV whereas the size of objects under study may vary (Melnyk and DiBianca, 2007) . Given a small object down to 1 cm in diameter, a CT scanner with high spatial resolution is highly desirable to depict tiny internal structures. In addition, the scanner's FOV is not a matter of concern owing to the small size of the object. Conversely, for a larger object, up to 30 cm in diameter, a large FOV scanner that accommodates the object is needed in the first place. This is usually achieved at the expense of a lower spatial resolution, which remains acceptable owing to the larger internal structures. A versatile scanner offering these two possibilities would be very practical as it covers a wide range of applications. To this end, we have designed and built a mini-CT scanner based on the sample rotating configuration which provides variable spatial resolution and FOV. In the sample rotating configuration, the radiation source and detector are commonly set at fixed distances, thus limiting the scanner's resolution capabilities (Hutchinson et al., 2017) . However, an advantage of the sample rotating configuration is that it allows easy adjustment of the object to detector (or to source) distance to achieve variable FOV and spatial resolution through modifying the scanner magnification (Hutchinson et al., 2017) . The detector and x-ray source are mounted on two independent motorized linear motion systems to allow variable source to table and detector to table distances (sample table is fixed) . Through varying the object to table distance (or source to table distance), different magnifications can be achieved, which determines the spatial resolution. Higher magnification leads to higher imaging spatial resolution at the cost of reduction in the scanner's FOV. This configuration enables to adjust the spatial resolution and FOV according to object size. As a result, small objects can be imaged at a relatively higher spatial resolution and smaller FOV while large objects can be imaged at a relatively larger FOV and consequently lower spatial resolution.
Similar to this work, a versatile CT scanner was previously proposed based on a variable resolution x-ray (VRX) detector (Melnyk and DiBianca, 2007) . In this VRX CT scanner, a one-dimensional discrete detector is placed at an acute angle with respect to the x-ray tube and the incident beam. Through detector angulation, the width and sampling distance of physical (or virtual) detector elements appear to be smaller due to the projective compression principle. Therefore, the spatial resolution can be improved at least a few orders of magnitude. The VRX CT scanner offers a spatial resolution varying from 1.4 cycles/ mm to 43 cycles/mm as the FOV decreases from 32 cm to 1 cm. The proposed small-animal scanner differs from the VRX CT scanner as a flat-panel detector is employed in this study (as opposed to the VRX CT scanner equipped with a one-dimensional detector array), which offers a large axial coverage suitable for dynamic imaging. The angulation of the detector in the VRX CT scanner not only adds to mechanical complexity of the scanner but also improves the spatial resolution in the transaxial plane only, while the axial resolution remains unchanged. However, the spatial resolution varies isotropically in the proposed design as the system magnification changes equally in both axial and transaxial directions.
Materials and methods

System description
The mini-CT scanner was designed based on the sample rotating idea having the capability of achieving variable magnification. The main aim of this work is to provide variable FOV to accommodate objects with different sizes while the scanner's spatial resolution varies according to the object size. The FOV and spatial resolution in this design change conjointly as a function of scanner magnification. To Rotating gantry (fixed geometry)
V. Lohrabian et al. Radiation Physics and Chemistry 162 (2019) 199-207 achieve variable magnification, the detector and x-ray tube are mounted on two translational motion systems, such that the source to object distance (SOD) and object to detector distance (ODD) can be easily adjusted. The detector and source translational motion systems consist of 2 linear ball screw components with 12.5 µm motion precision and a rotating system with°0.3 angular precision per step. As depicted in Fig. 1A , the sample bed is mounted on a fixed arm capable of spinning the samples for tomographic imaging. Three stepper motors support translational and rotational movements controlled by an electronic board interfacing the scanner and the computer.
X-ray tube
A dedicated x-ray source, depending on the specific application of the small-animal CT scanner, should have one or all of these three important properties: a small focal spot size to achieve high spatial resolution, capability of emitting high photon flux compared to those used in conventional CT scanners, and x-ray energies selectable over a desirable range to generate appropriate image contrast (Bartling et al., 2007) . A portable cone-beam x-ray tube (Medex instrument, model GemX-160) with a focal spot of 0.5 × 0.7 mm 2 (500 µm nominal focal spot) and power supply 28-35 Vdc LiPo battery was employed. The xray tube is capable of target voltages ranging from 20 to 160 kVp (typically 30-140 kVp), with a maximum beam current of 2 mA (typically 0.1-2 mA). The x-ray source is a mini-focus source with fixed tungsten anode of 0.8 × 0.8 mm 2 area. The source emits a conic x-ray beam with a coverage of 1.23 sr (35.3°) and has an inherent filtration of 150 μm of beryllium. The tube can be easily regulated by a remote controller attached to a computer. In this study, only the intrinsic Berillium filter was used for beam filtering. We designed a supplementary electronic board that controls this x-ray tube by which the x-ray exposure time, kV p and anode current can be adjusted and monitored by a LCD connected to the designed electronic board.
Flat-panel detector
The detector element size plays a critical role in determining the spatial resolution of the mini-CT scanner (Song et al., 2001 ). Flat-panel detectors featuring a large active area enable CT scanners to cover a large volume per rotation which would result in a faster scan time. Moreover, a higher magnification and consequently higher spatial resolution can be achieved. Wide axial coverage of flat-panel detectors enables whole-body imaging of animals in one bed position. a-Si flatpanel detectors provide many advantages, such as large-area detection, thin structure, no geometrical distortions, highly efficient collection of emitted light and veiling glares (Seibert, 2006) . The detector used in this work is a Si/GadOx flat-panel detector (DeReO WA1) produced by X-RIS (ANS, Belgium). The active area of the detector is 41 × 41 cm 2 (2048 × 2048 pixels) with a pixel size of 200 µm. The detector is fixed to a mechanical support mounted on the translational motion structure to create an angle of 90°between the center of the detector and the incident x-ray beam.
Scanner geometry
Regardless of the type of x-ray source and detector, the CT scanner geometry can be classified into two categories: the so-called "short" scanner geometry where the SOD is small compared to the ODD and the "long" scanner geometry where the SOD is equal to the ODD (ODD and SOD are indicated in Fig. 1A and B) (Bartling et al., 2007) . The SOD and ODD play a key role in x-ray imaging as they determine the magnification factor and consequently affect the spatial resolution and FOV of the scanner. The image will be projected onto the detector by the magnification factor (M) determined solely by ODD and SOD (Eq. (1)):
Three factors influence the resolution of the final image: x-ray source focal spot size (fs), the detector array resolution and subject position with respect to the source and detector (which determines imaging magnification) (Paulus et al., 2000) . A non-ideal x-ray tube with finite focal spot size causes penumbral blurring that limits the spatial resolution in the projection plane. The relationship between the x-ray tube focal spot size (fs) and the resulting spatial resolution (penumbral blurring) (b) is governed by Eq. (2) (Badea et al., 2008) . In  Fig. 1B , the object is presented by a circle whose diameter (i.e., the maximum size of the object) determines the scanner's FOV.
As shown in Eqs. (1) and (2) and Fig. 1B , when scanning is performed with the object closer to the source, the magnification factor increases and consequently the detector resolution will improve. However, the FOV of the system decreases and penumbral blurring also tends to increase (Badea et al., 2008; Bartling et al., 2007; Paulus et al., 2000) .
In this work, the flat-panel detector and the cone-beam tube are placed on two linear movement systems facing each other so that their distance from the center of the sample table can be modified. The minimum SOD and maximum ODD in this design are 10 cm and 75 cm, 
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Electronic boards
An electronic board was designed for the purpose of controlling and monitoring the motorized movements and x-ray tube parameters. The processor of this board is ATMEGA 64 microcontroller (Atmel, San Jose, CA, USA). The board is connected to the PC by an RS-232 interface and is used to control the three stepper motors that produce the mechanical force for positioning of the source and detector arms as well as table rotation (Fig. 1C) . Table 2 presents the major parameters and dimensions of the scanner, including the x-ray tube and flat-panel detector properties.
Experimental evaluation
The performance characteristics of the developed mini-CT scanner were evaluated in planar and tomographic modes. The variable spatial resolution of the scanner was measured in 2-D or planar imaging mode. The measurements were performed for the different FOVs (each FOV corresponding to a specific magnification) of the scanner. Subsequently, the spatial resolution was reported as a function of the scanner's FOV. The tomographic evaluation of the scanner was performed using a 3-D scan of an anesthetized rat. The lung, heart, and bony structures were segmented to evaluate organs conspicuity in tomographic imaging. In the following, we elaborate on the procedure followed to optimize the x-ray tube voltage, spatial resolution measurements and tomographic imaging of the rat.
Contrast vs. tube voltage
The x-ray tube voltage plays a key role to project the inherent contrast of the object into the image domain and, as such, its optimization is crucial. To this end, we chose to use the Hawkeye quality control (QC) phantom (GE Healthcare, Waukesha, WI, USA) to assess image quality. The phantom consists of a plastic container in the form of a 20 cm diameter cylinder containing water and a set of plastic test inserts. Fig. 2A and B depict a view of the Hawkeye QC phantom together with a schematic plot of the phantom as well as its plastic inserts. The inserts are designed for assessment of the spatial resolution through a range of water/plastic bar patterns which are placed diagonally across the phantom. The bar patterns represent spatial frequencies of 2.0, 2.5, 3.0, 3.5, and 4.0 line pairs/cm. In this experiment, the phantom was filled with pure water and the 3.0 pairs/cm bars were chosen to measure the contrast as a function of tube voltage. The thin plastic inserts create a low contrast (2.5%) against the surrounding water. The contrast between the plastic insert and the surrounding water was measured using Eq. (3). Here In bg indicates the intensity of the background, which in this case is the water content part of the phantom and In ob is the intensity of the object, which is the plastic insert. The x-ray tube voltage was varied from 30 to 100 kVp. The tube voltage generating the maximum contrast was chosen for tomographic imaging and for performing the remaining experiments. Fig. 2C and D show a representative image of the phantom along with the profile depicting the projected contrast between the plastic insert and surrounding water. 
Spatial resolution measurement
The modulation transfer function (MTF) is deemed to be a standard measure of the spatial resolution of imaging systems providing an account of the transfer of sinusoidal inputs through the system. The MTF is an ideal measure for performance evaluation of an imager in terms of spatial resolution. The experimental characterization of detector MTF is usually performed through measurement of the corresponding line spread function (LSF) or edge spread function (ESF) (Khodadad et al., 2011) . The LSF and ESF, respectively, are defined as the intensity distribution in the images of perfectly attenuating line and edge objects of unit intensity. The ESF can be easily converted to LSF through performing differentiation on ESF. Similarly, the point spread function (PSF) of a system can be derived by performing a second differentiation. For 2D discrete detectors, the ESF can be measured by imaging a perfectly blocking plate with a sharp edge. Once the system ESF is measured, the corresponding MTF can be computed as (Dobbins et al., 1995; Samei et al., 2006 ):
where F represents the Fourier transform, c is a normalization constant, and x and f are the spatial and frequency coordinates, respectively. Quantification of the system MTF is performed by evaluating the corresponding PSF. In this experiment, a thick block of lead (2 cm thickness, 10 ×10 cm 2 area) having a neat and sharp edge was used to compute the ESF of the system. Image acquisition was performed at different magnification factors. The magnification of the system was changed as follows: 1.33, 1.47, 1.64, 1.86, 2.14, 2.54, 3.10, 3.99, 5.59, and 6.10. The SOD was fixed at 70 cm for all the aforementioned magnifications and different magnification factors were achieved through displacing the detector which consequently altered the FOV of the system. The corresponding FOV of the system at each magnification is reported in Table 4 . A fixed tube voltage of 50 kVp and current of 1700 µA were used for all imaging experiments with an acquisition time of 5 s. These values were obtained from the previous section where the optimal xtube voltage to achieve the highest image contrast in the phantom study was determined. Given the 2D projections of the lead block acquired at different magnifications, a cross profile of the obtained images provides the ESF of the system (Fig. 5A) . A second differentiation of the ESF function produces the PSF of the scanner, which enables to compute the MTF using Eq. (4). Therefore, at each magnification, the corresponding ESF was derived from the obtained image and the PSF calculated by taking the second differentiation of the ESF. Thereafter, the MTF was computed using the obtained PSF. The spatial frequency corresponding to an MTF of 0.1 was chosen as reference (referred to as cut-off frequency in the literature) to report the spatial resolution of the scanner at each magnification. Moreover, a Gaussian fitting was performed on the PSF obtained at each magnification and its full width at half maximum (FWHM) calculated and reported together with the MTF cut-off frequency. This procedure was repeated for the entire aforementioned magnifications and the spatial resolution reported as a function of the V. Lohrabian et al. Radiation Physics and Chemistry 162 (2019) 199-207 system magnification (or FOV). It should be mentioned that to minimize the impact of noise and local fluctuation of the detector, the ESF of the scanner at each FOV was calculated based on the average of 10 profiles at different locations within the image.
Tomographic imaging
The evaluation in tomographic mode was carried out by 3-D scanning of a normal rat (~317 g weight, 24 cm length including the tail, and~7 cm diameter). Tomographic imaging was performed with a magnification M ≅ 2.4. To this end, the gantry geometry was configured with SOD = 26 cm and ODD = 37 cm to achieve the desirable magnification. Fig. 3 shows the scanner geometrical configuration and animal positioning. The animal was fixed in a cylindrical sample holder made of thin sheet of Polymethylmethacrylate with 8 cm diameter and 25 cm length. The animal was anesthetized with 100 mg/kg dose of ketamine hydrochloride to ensure immobilization during the whole scan.
The x-ray tube voltage achieving the highest contrast was previously optimized using the Hawkeye QC phantom. To verify the effectiveness of the optimal tube voltage (50 kV p ) in animal imaging, several 2-D images of the rat were taken by varying the x-ray tube voltage from 30 kV p to 70 kV p with 20 ms exposure time per projection (at 1.7 mA). In agreement with the phantom study, the highest image quality in 2-D mode was achieved with a tube voltage of 50 kV p . The tomographic scan of the rat was performed using 150 projections with 20 ms exposure time per projection over a circular rotation of 180°(step angle of 1.2°). The Feldkamp-David-Kress (FDK) filtered backprojection algorithm was adopted for 3D reconstruction of cone-beam CT data (Feldkamp et al., 1984) . This algorithm is a generalization of filtered backprojection in such a way that each voxel in the final image is calculated as a weighted sum of cosine-corrected filtered projections. The modified FDK algorithm, which includes beam hardening correction, was adapted to the specific geometry of our mini-CT scanner.
After tomographic scanning of the rat, 3D segmentation of organs from the reconstructed image was performed using Materialise Mimics image processing software, version 10.01, Leuven Belgium.
1 Axial slices (512 × 512 pixels) were imported into Mimics. Image segmentation was performed to extract the heart, lungs and bony structures to assess organs' conspicuity and internal tissues discrimination. To this end, the bony structures in the chest region were extracted by applying an intensity threshold of 100 HU. A region growing algorithm was employed to delineate the heart and lungs through manually placement of the initial seed points. The algorithm scrutinizes neighboring voxels of the initial seed points to determine if the adjacent voxels should be labeled as lung or heart. Table 3 presents the contrast vs. x-ray tube voltage varying from 30 to 100 kVp measured between the background water and the plastic insert with 2.5% inherent contrast. This range of x-ray voltage is usually suitable to image small-animals, such as rats and mice, to generate appropriate tissue contrast. Evidently, the maximum contrast in planar imaging achieved at the energy of 50 kVp which was chosen for subsequent experiments including the spatial resolution measurement and tomographic imaging. Different x-ray tube voltages were examined in planar imaging of the rat to determine the highest contrast, which occurred at 50 kVp voltage, in agreement with the phantom study. Fig. 4 shows a representative planar image taken from a rat at 50 kVp tube voltage exhibiting proper contrast between the bone, lung and soft tissues. Table 4 demonstrates this concept where the spatial resolution and scanner's FOV vary jointly as a function of the system magnification.
Results
The spatial resolution is reported in Table 4 in terms of MTF cut-off frequency, which corresponds to the frequency (mm/cycle) at which the MTF drops to 0.1. This frequency is assumed to be the highest detectable frequency. As mentioned earlier, both FWHM and MTF were calculated based on the average of 10 profiles at different locations in the detector. Systematic improvements in scanner's spatial resolution were observed as the magnification increases from 1.33 to 6.10 when the scanner's FOV decreases from 43 to 9 cm. The smallest FOV (9 cm) corresponds to a spatial resolution of 14.4 (cycles/mm), good enough for a number of small-animal studies. Fig. 5B shows a representative ESF of the scanner obtained at a magnification of 1.33 and the corresponding PSF (Fig. 5C ) calculated by taking the derivative of the ESF. The MTF presented in Fig. 5D depicts the frequency response of the scanner at the highest spatial resolution (corresponding to the largest FOV of 43 cm) where the cut-off frequency is 3.92 (cycles/mm).
Representative views of the tomographic scan of the rat with a magnification of 2.4 are illustrated in Fig. 6 . Visual inspection revealed appropriate contrast between bone, lungs and soft-tissue. Since the sampling trajectory from spiral cone-beam scanning does not satisfy Tuy's data sufficiency condition (Tuy, 1983) , exact reconstruction is impossible owing to insufficient data (Badea et al., 2008; Holdsworth and Thornton, 2002) . Due to the approximate nature of the FDK algorithm, the reconstructed images sometimes suffer from the presence of artifacts, such as low-intensity streaks when the cone angle is large. However, the image quality of the reconstructed images is acceptable if the cone angle is less than about 10° (Holdsworth and Thornton, 2002) , except for very unusual cases (Defrise and Clack, 1995) . Different filters were implemented including the Shepp & Logan filter, which was chosen for this study due to its better performance. The reconstructed matrix size was 512 × 512 pixels as it satisfies the Nyquist sampling theorem. Since geometric parameters, such as the center of rotation and the off-axis center, impact image quality, proper choice of these parameters was performed.
3D segmentations of the heart, lungs and bone in the chest region are presented in Fig. 7 . Although simple segmentation algorithms, such as intensity thresholding for the bone and region growing for the heart and lungs were employed, the organs were properly delineated owing to the strong contrast between the different tissues. Detailed structures and outlines of the organs are visible as the tomographic scan was performed at a magnification of 2.4 corresponding to a spatial resolution of~7 cycles/mm.
Discussion
The main aim of this work was to present the conceptual design of a mini-CT scanner capable of providing jointly variable FOV and spatial resolution to cover a wide range of preclinical applications. Variable spatial resolution was achieved through modifying the magnification of the scanner. To this end, a large detector is required to support a large V. Lohrabian et al. Radiation Physics and Chemistry 162 (2019) 199-207 FOV or high magnification factor. The Si/GadOx flat-panel detector selected for this scanner not only provides a large detection area (41 cm × 41 cm) to support a large FOV, but also very small detector elements (200 µm) that enable achieving high spatial resolution. The large axial coverage allows multi-slice (or cone-beam) imaging, thus enabling to dramatically reduce the scanning time. Moreover, for some applications, such as coronary blood flow, fluoroscopic and angiographic capabilities, large flat-panel detectors are highly recommended (Bartling et al., 2007; Gupta et al., 2008) . A potential application of the developed mini-CT scanner is in vivo dynamic small-animal imaging. However, 4D image acquisition of moving targets becomes very challenging owing to their small size. A limiting factor in this regard is the small size of the focal spot to support a high photons flux. In some dynamic imaging applications, physiologic (respiratory) motion may not be very fast requiring extremely short exposure times. However, cardiac imaging necessitates exposure times in the order of 10 ms to minimize the blurring effect brought by heart motion. To deliver adequate photon flux in such a short exposure time, higher focal spot sizes are required (Badea et al., 2008) . Therefore, a number of commercial scanners, equipped with a rotating gantry design, utilize x-ray tubes with large focal spot sizes to circumvent this problem (Bartling et al., 2007; Ross et al., 2006) . Diagnostic x-ray tubes were used on these systems with a typical focal spot size of 0.5 or 0.7 mm, similar to our design concept (0.5 mm), to meet the V. Lohrabian et al. Radiation Physics and Chemistry 162 (2019) 199-207 requirements of the envisaged applications of this scanner. Although the relatively large x-ray focal spot size hampers the spatial resolution, the high photon flux (along with the flat-panel detector) allows very short acquisition time suitable for dynamic studies. The x-ray tube voltage was determined for a specific application involving medium size rat and static imaging. The optimized voltage based on low intrinsic contrast existing between water and the plastic inserts in the Hawkeye phantom resulted in acceptable lung versus softtissue as well as soft-tissue versus bone contrast (Fig. 6) . However, for other applications involving larger or smaller animals or dynamic imaging, the x-ray tube voltage should be modified accordingly to achieve acceptable image contrast. The rat tomographic scan presented in Fig. 6 suffers from motion artifacts as slight blurring due to slight trembling of the animal is observed around organ boundaries.
The representative plots of the PSF depicted in Fig. 5 show an asymmetric behavior as the left side of the signal did not fall sharply similar to the right side. This effect was observed almost in all PSF plots and seems to stem from photon scattering and penetration through the edge of the lead plate rather than the detector non-uniform response.
In this mini-CT scanner, the variable spatial resolution solely arises from modification of magnification. It should be noted that the higher magnification tends to only improve the sampling resolution of the detector while having adverse impact on geometric unsharpness (Arabi et al., 2010 (Arabi et al., , 2011 . Geometric unsharpness refers to the loss of definition since the x-ray beam does not originate from an infinite point source but rather over an area. The loss of definition (resolution), arising from infinite focal spot limitation, occurs because of penumbra effect, which is a region partially irradiated (imperfect shadow) by xrays not originating from a point source. Technically, magnification introduces a trade-off between detector sampling resolution and geometric unshaprness (Arabi et al., 2015; Kamali-Asl et al., 2009) . Therefore, the spatial resolution is greatly limited by the penumbra effect at high magnification. Considering Table 4 , a magnification higher than 5.5 did not improve the spatial resolution of the scanner anymore because of the increased geometric unshaprness. To achieve a higher spatial resolution through increasing the system magnification, the x-ray source with a focal spot size smaller than 0.5 mm is needed to minimize the impact of geometric sharpness. However, a focal spot of 0.5 mm was intentionally exploited in this design to afford the high photon flux required in dynamic imaging. Since dynamic imaging was the main application for this particular scanner, a larger x-ray focal spot was utilized and its adverse impact on spatial resolution compensated through varying the magnification.
In vivo animal CT imaging offers unique information on the timerelated changes in internal structures of living mice. However, ionizing radiation might induce side effects on the underlying tissues, an issue that plays a key role in longitudinal studies. Lowering the radiation dose through decreasing the x-ray tube exposure time or photon flux inevitably influences image quality. The absorbed dose to the animal was not directly estimated; however, the scanning parameters used in this study are comparable to typical protocols used in micro-CT imaging of mouse with no significant radiation-induced side effects. A typical CT protocol for mouse scanning with the following parameters: 50 kV, 100 µA, 199 projections and 1 s scan duration per projection, does not lead to noticeable radiation-induced side effects (Laperre et al., 2011) . Since the animal CT scan was carried out with much shorter acquisition time per projection (20 ms) and lower number of projections (150), the absorbed dose should be comparable with common protocols.
The aim of this work is to develop a versatile animal scanner capable of supporting a wide range of applications owing to its adjustable FOV and spatial resolution. This is not the first scanner offering these functionalities as the VRX scanner was developed for the same purpose. However, there are major differences between the proposed design and the VRX CT scanner which motivated this contribution. The VRX CT scanner employs two one-dimensional detector arms which rotate around a common pivotal point to provide variable spatial resolution (Melnyk and DiBianca, 2007) . A number of drawbacks are associated with this scanner, which are eliminated in the proposed design. Firstly, apart from the mechanical complexity, angulation of the detector with respect to the incident x-ray beam causes significant magnification nonuniformity (and consequently spatial resolution non-uniformity) from one end of the detector to the other. Moreover, due to the non- V. Lohrabian et al. Radiation Physics and Chemistry 162 (2019) 199-207 perpendicular angle between the incident x-ray beam and the detector, the cross-talk between detector cells increased remarkably which adversely influence the scanner's spatial resolution (Arabi et al., 2011) . Since the variable spatial resolution is achieved through modifying the system magnification, no magnification non-uniformity across the detector and no additional inter-cells cross-talk occurs when the scanner's FOV changes. Secondly, the spatial resolution enhancement in the VRX CT scanner only occurs in the transaxial plane while the scanner's axial resolution remains intact. To improve the axial spatial resolution, the VRX detectors should rotate around two axes which further adds to the mechanical complexity of the scanner. This issue is resolved in the proposed CT scanner as the system magnification varies uniformly across the flat-panel detector, which results in isotropic spatial resolution. Third, the VRX CT suffers from long acquisition time due to the use of a single one-dimensional detector; however, multi-slice (or conebeam) CT scanning can be easily performed on this design owing to the large size of the flat-panel detector.
Conclusion
A mini-CT scanner capable of operating as an independent and selfstanding imaging device was designed and built. This device features, in addition to very simple design and low manufacturing cost, independent adjustment of the magnification factor to achieve jointly variable spatial resolution and FOV. The spatial resolution of the scanner varies from 3.9 cycles/mm to 14.4 cycles/mm while the FOV decreases from 43 cm to 9 cm, respectively. The mini-CT scanner is equipped with a high flux x-ray tube to support a wide range of applications requiring dynamic scanning. However, the large focal spot size of the tube (0.5 mm) greatly constrains the spatial resolution at high magnifications.
